Although cells isolated from fetal liver are one of the major sources for liver tissue engineering, it is still very difficult to induce them to fully differentiate in vitro into mature hepatocytes. We therefore investigated the effects of nicotinamide (NA), dimethyl sulfoxide (DMSO), and oncostatin M (OSM) on differentiation in terms of the expression of various liver-specific functions, because these factors have been reported to induce the emergence of possible hepatocyte progenitor cells (small hepatocytes) in adult rat hepatocyte culture or maturation of fetal mouse liver cells in culture. Fetal liver cells isolated from mouse embryos were cultured for 5 weeks in collagen-precoated plates. NA (10 mM) and DMSO (1%) remarkably enhanced the emergence of small hepatocytes, and OSM also synergistically enhanced the selective growth of small hepatocytes and inhibited the growth of blood cell populations. In the presence of these three factors, such small hepatocytes became dominant in culture, so that they covered almost 60-70% of confluence after week 2. In addition, some of them piled up over the small hepatocyte monolayer and displayed distinctively differentiated morphology, such as the emergence of binucleated cells, formation of tight gap junctions, and possible bile duct structures. Although OSM alone had very weak effects on hepatocyte functions, albumin secretion and cytochrome P450IA1/2 capacity were greatly enhanced when combined with NA or DMSO. This functional observation closely agreed with the emergence of small hepatocytes. In contrast, ammonium removal was strongly dependent on DMSO alone. DNA amount basis functions of fetal cells with three factors at week 5 were 1/7 for albumin secretion, 3 times higher for ammonium removal, and 1/10 for P450 capacity, compared with those of cultured adult mouse hepatocytes. These results show that inclusion of NA, DMSO, and OSM in the culture medium significantly enhances in vitro maturation of fetal liver cells when compared with conventional culture conditions. 435 436 SAKAI ET AL.
INTRODUCTION
Fetal mouse liver cell culture has mainly been used as an in vitro tool for investigating various events occur-Fetal liver cells are expected to become a good cell ring in the course of development of liver or hematopoisource for liver tissue engineering, because they have a etic systems (5-7). Through such research, oncostatin much higher capacity to proliferate in vitro (5-7, 16) M (OSM), an interleukin-6-related cytokine produced by than adult hepatocytes. But according to the results of hematopoietic cells, has been shown to stimulate liver recent research on fetal mouse liver cell culture (12) , the cell maturation in vitro in terms of changes in various expression of liver-specific functions such as albumin phenotypes (5,6), but the exact functional levels have secretion is estimated to be significantly lower than that not yet been compared with those of adult cells. Thereof adult hepatocytes. To organize a liver tissue of clinifore, the feasibility of using these cells in liver tissue cally useful size and functional levels sufficient for fuengineering is still not estabilished. ture transplantation of engineered liver tissue into pa-Concerning the culture of hepatocyte progenitor cells, tients with various types of fatal liver failure, we have Mitaka et al. (10, 11) and other investigators (17) reto further enhance not only the overall proliferation caported that there is a specific cell population exhibiting pacity of fetal liver cells but also their functional differa very high proliferation capacity in adult liver tissue entiation in vitro. and that such cells can clonally be propagated in the presence of nicotinamide (NA) and dimethyl sulfoxide (Wako), 10 ng mouse epidermal growth factor (mEGF; Takara)/ml, and 50 µg gentamicin (Wako)/ml. This was (DMSO) in addition to epidermal growth factor (EGF). These cells are termed small hepatocytes, because the referred to as the basal culture medium in this study. After 2-3 days of culture, the culture medium was first size of these cells is less than half that of adult cells (11). Although these cells show some typical hepatocyte replenished and then changed every other day. Mouse OSM (10 ng/ml; R&D Systems, Minneapolis, MN), NA phenotypes, their origin and similarity to oval cells found in the liver of carcinogen-treated animals (3) is still con-(10 mM; Wako), and DMSO (1%; Wako) were supplemented after the first medium replenishment. troversial, and functional comparison with adult hepatocytes has not yet been reported.
Adult mouse hepatocytes were isolated with basically the method of Seglen (14) . After opening the peritoneal If the small hepatocyte population represents progenitor hepatocytes, its number in fetal liver cells is expected cavity of an adult male C57Bl/6CrALc mouse (5 to 6 weeks old; Sankyo Lab, Tokyo, Japan), the portal vein to be much larger than that in adult tissue (16) , and also NA and DMSO may enhance its selective and clonal of the liver was catheterized with a needle (21 gauge) connected to a 20-ml syringe via a three-directional proliferation. In addition, OSM is expected to display synergistic effects with such factors on in vitro matura-cock. A returning circuit for complete perfusion was not formed. The liver was simply infused with 20 ml of the tion of fetal liver cells (5-7). We therefore investigated in vitro the effects of these three factors on the matura-prewarmed EGTA-containing preperfusion buffer for 5 min followed by infusion of 20 ml of the 0.05% colla-tion of fetal liver cells. Because our concern is maturation in terms not of phenotypic markers but expression genase-containing buffer. The partially digested liver was further dissociated for 5-10 min on a rotational of liver-specific functions, we measured three major functions including albumin secretion, ammonium removal, shaker at 37°C with the same collagenase buffer. After three slight centrifugations (600 rpm, 1 min) and filtra-and cytochrome P450IA1/2 capacity, and compared them with those of adult mouse hepatocyte culture on a DNA tion with a Falcon cell strainer, the cells were resuspended in the same basal culture medium as used for amount basis.
fetal cell culture, and inoculated in the same collagen-MATERIALS AND METHODS coated 12-well plates at 5.0 × 10 4 viable cells/cm 2 . The Isolation and Culture of Fetal Mouse Liver Cells and viability was 60-70% and the yield was 3.0-5.0 × 10 6 Adult Mouse Hepatocytes cells. Fetal mouse liver cells were isolated from the embry-Measurement of Liver-Specific Functions onic liver of C57Bl/6CrALc mice (Sankyo Lab, Tokyo, and DNA Content Japan) at E14.5 by the same procedure as previously described (5-7). Briefly, minced embryonic livers were Albumin secreted into the culture medium was measured with the sandwich-type enzyme-linked immuno-first dissociated with the preperfusion buffer containing 0.5 mM EGTA (ethyleneglycoltetraacetic acid) for 10 sorbent assay (ELISA) by almost the same procedure as used in the quantification of porcine serum albumin min and then enzymatically digested for 15 min at 37°C with a 0.05% collagenase-containing buffer. These buff- (13) . Anti-mouse albumin goat antibody, which conjugated with horseradish peroxidase, and standard mouse ers were exactly the same as those used in the conventional isolation protocol by Seglen (15). Contaminating serum albumin were all purchased from Bethyl Lab. (Montogomery, TX). erythrocytes were hemolized with a hypotonic buffer (1.0 g Tris ؒ hydroxyaminomethane/L and 2.8 g ammo-After spent culture medium was decanted, new culture medium containing 1 mM of ammonium chloride nium chloride/L, pH was adjusted to 8.0 with 1 N HCl). The yields were usually in the range of 2.0-3.0 × 10 7 was added to the culture, and the decrease in the ammonium concentration was measured by the indophenol cells after two washings by centrifugation (1500 rpm, 3 min) and filtration with a Falcon cell strainer (Becton method (8) after 2-4 h of incubation. Cytochrome P450 IA1/2 capacity in terms of ethoxyresorufin O-demethyl-Dickinson Labware, Franklin, NJ). The viability was over 85%. ase (EROD) capacity (2,4) was measured after the ammonium loading was finished. Ethoxyresorufin (ER) was The cells were inoculated at 2.0 × 10 4 viable cells/cm 2 in 0.03% Type-I collagen (Nitta Gelatin, Osaka, Japan)-first dissolved in DMSO at 4 mM, diluted with the culture medium 400 times, and added to the culture at a coated 12-well plates. The culture medium was William's medium E (Gibco BRL, Grand Island, NY) supple-concentration of 10 µM. After 1 h of incubation, the culture medium was sampled, new medium was added, mented with 10% fetal bovine serum, 2 mM L-glutamine, 1% nonessential amino acid solution for minimum and then the culture was continued. Because the capacity was much lower than that of adult mouse or rat hepato-essential medium (MEM; Gibco BRL), 0.5 mM ascorbic acid diphosphate (Wako, Osaka, Japan), and 10 −6 M in-cyte culture and because the substrate ER has slight fluorescence at the excitation and emission wavelengths sulin (Takara, Osaka, Japan), 10 −6 M dexamethasone for the measurement of product resorufin R, a decrease came obvious after week 2. As reported previously (6), the addition of OSM rapidly decreased the growth of in the ER concentration was independently determined from the absorbance at a wavelength of 480 nm in addi-blood cell populations. At week 5, when compared to the control culture in tion to the fluorescence of R (4). Fluorescence at an excitation wavelength of 530 nm and at an emission wave-the basal medium ( Fig. 1A) , in the OSM-added culture, growth of nonparenchymal cells was enhanced (Fig. length of 585 nm was measured, the contribution of the remaining ER calculated from the absorbance at 480 nm 1B), whereas in NA-and DMSO-added culture, cells having the appearance of small hepatocytes (11) were was subtracted from the measured fluorescence, and net resorufin production was determined. After 5 weeks of often observed (Fig. 1C ). In the culture including all three factors, growth of the small hepatocytes was no-culture, the cellular DNA content was measured by 4′,6diaminodino-2-phenylindol (DAPI) fluorometry (1). Iso-ticeably enhanced compared with in NA/DMSO, so that almost 60-70% of the culture surface was covered with lated 10 6 adult mouse hepatocytes corresponded to 19.7 ± 1.4 µg of calf thymus DNA (N = 2). the small hepatocytes ( Figs. 1D and 2A) . Some of the cells in the small hepatocyte monolayer had a distinctive RESULTS AND DISCUSSION appearance, that is, piling up over the monolayer, devel-Effects of OSM, NA, and DMSO on Cell Morphology opment of gap junction, and possible bile canaliculus structures (Fig. 2B) . Although there were almost no bi-In long-term culture up to 5 weeks, cellular morpholnucleated cells at the start of the culture or in the small ogy was affected dramatically by the factors included in hepatocyte monolayer other than those distinctive areas the culture medium. Because a large number of blood ( Fig. 2A) , a small number of binucleated cells began to cells (mainly while blood cells) were included in the be observed in those areas (Fig. 2B) . In adult mouse inoculum, the number of attached cells was counted in hepatocytes the ratio of binucleated cells was reported microscopic areas and found to be around 1.0 × 10 4 to be 80% (14) , and the degree of differentiation is precells/cm 2 , which was almost half the expected inoculum sumed to be still far from adult hepatocytes. density. In all culture conditions, the attached cells pro-Such observations in the fetal liver cell culture are liferated rapidly, and the morphological differences be- almost the same as those reported by Mitaka et al. for times at week 5 compared with that immediately after inoculation. The number of cells increased 10 times dur-long-term culture of adult rat hepatocytes with NA and DMSO (11), but such a higher degree of emergence of ing 5 weeks of culture according to the DNA measurement (data not shown), and the unit-cell-number basis small hepatocytes has not been reported for adult cultures. It can therefore be concluded that fetal liver cells function was enhanced to about 5 times. This functional measurement agrees very well with the morphological contain a greater number of small hepatocytes than adult liver tissue, and that not only NA and DMSO but also observation described above.
Effects of administration of a single factor and two OSM is effective in enhancing the growth of such small hepatocytes.
factors were also examined in terms of various liverspecific functions such as albumin secretion, capacity to Effects of OSM, NA, and DMSO on Various remove added ammonium, and EROD capacity as an Liver-Specific Functions established marker for cytochrome P450IA1/2 (2,4).
Changes in albumin secretion into culture medium
Throughout all the functional measurements, culture clearly showed that inclusion of the three factors is supplemented with all three factors gave overall the best much more effective than the other three conditions functional capacity (Figs. 4 and 5), but a different func- (Fig. 3) . The secretion rate was enhanced to roughly 50 tional index was specifically affected by a different factor. Namely, for albumin secretion OSM was necessary in addition to NA or DMSO (Fig. 4A ), but for ammonium removal, DMSO was necessary and the function was sufficiently enhanced even with DMSO alone (Fig.  4B ). EROD capacity showed almost the same tendency as observed in albumin secretion (Figs. 4A and 5B) , and only the culture with three factors showed significant levels of resorufin production (Fig. 5B ) from ethoxyresorufin incorporated into cells (Fig. 5A) . Morphology under the conditions other than the four major ones shown in Figure 1 roughly explained the tendency to the higher albumin secretion and EROD capacity in the primary presence of OSM in addition to NA or DMSO (data not shown). In the cultures with DMSO/ OSM or NA/OSM noticeable growth and morphological development of small hepatocytes were observed, but not explain the remarkably enhanced ammonium re-tions at week 5 with those of adult mouse hepatocytes cultured in the basal medium for 3 days on the DNA moval capacity in the presence of DMSO (Fig. 4B ). Although DMSO was shown to be effective in the growth amount basis (Table 1) . Functions of cultured fetal cells were 1/7 for albumin secretion, 3 times higher for am-and sustained functional duration of adult rat hepatocytes (9), the exact mechanism is still obscure. monium detoxification, and 1/10 for P450 capacity, compared with those in adult hepatocytes. Lower albu-To quantitatively assess the functional differentiation in the presence of three factors, we compared the func-min secretion and cytochrome P450IA1/2 capacity sug- gests that maturation is still insufficient. This was evi-cation of culture surfaces can be tried to approach functional expression of mature hepatocytes. denced by the morphological observation as described above (Figs. 1D, 2A, and 2B ). Because the cells that REFERENCES developed up to week 5 in the presence of the three factors were highly heterogeneous ( Fig. 1D) , further re- their primary concern is the development of an extracor-8. McCullough, H. The determination of ammonia in whole poreal liver assist device, and therefore the material emblood by a direct colorimetric method. Clin. Chem. Acta ployed is nonbiodegradable (12) . We are now trying to In summary, fetal mouse liver cells contain a greater Characteristics of small cell colonies developing in prinumber of small hepatocytes recently reported concernmary cultures of adult rat hepatocytes. Virchows Archiv. 
